Abstract Two dimensional (2D) cell culture systems lack the ability to mimic in vivo conditions resulting in limitations for preclinical cell-based drug and toxicity screening assays and modelling tumor biology. Alternatively, 3D cell culture systems mimic the specificity of native tissue with better physiological integrity. In this regard, microfluidic chips have gained wide applicability for in vitro 3D cancer cell studies. The aim of this research was to develop a 3D biomimetic model comprising culture of breast cancer cells in butterfly-shaped microchip to determine the cytotoxicity of carnosic acid and doxorubicin on both estrogen dependent (MCF-7) and independent (MDA-MB231) breast cancer cells along with healthy mammary epithelial cells (MCF-10A) in 2D, 3D Matrigel TM and butterfly-shaped microchip environment. According to the developed mimetic model, carnosic acid exhibited a higher cytotoxicity towards MDA-MB 231, while doxorubicin was more effective against MCF-7. Although the cell viabilities were higher in comparison to 2D and 3D cell culture systems, the responses of the investigated molecules were different in the microchips based on the molecular weight and structural complexity indicating the importance of biomimicry in a physiologically relevant matrix.
Introduction
Microfluidic platforms provide physiologically relevant settings, offer more realistic microenvironment for facilitating the study of cell invasion and chemotaxis (Ozdil et al. 2014; Håkanson et al. 2014; Yildiz-Ozturk and Yesil-Celiktas 2015) and are promising approaches to three-dimensional (3D) cell culture which can reveal improved biological models and functionality while reducing the required volumes of cell culture medium and thus reducing the cost of the experimental design (Sung and Beebe 2014; Thoma et al. 2014) . The tumor microenvironment plays a critical role in driving cancer progression and the tumor progresses with its microenvironment to drive invasion and metastasis. As microfluidic platforms could be easily adapted for parallel testing of the potential efficacy of chemotherapeutic agents, the applicability of 3D in vitro microfluidic platforms becomes more attractive (Hockemeyer et al. 2014; Wu et al. 2014) .
New assays are designed for culturing multiple different cell lines and/or tissue samples under controlled user-defined conditions by microfluidic culture platforms where integration of more than two cell types with biological 3D gels and controlled conditions will allow for improved organotypic culture models. In order to provide 3D structures, hydrogels are used to cell trapping, embedment and encapsulation (Elliott and Yuan 2011 ). An adequate confinement of biopolymeric matrices in microfluidic devices provides the possibility of controlling cell microenvironments in 3D subjected to a constant gradient of biomolecular signals (Baudoin et al. 2011) . For that, tumor extracts rich in extracellular matrix proteins are used to mimic extra cellular matrix (ECM) and support cell differentiation in microfluidics systems (Dolega et al. 2015) . Matrigel TM (BD Biosciences), a basement membrane matrix, is the well-known commercial product that has a complex mixture of multiple proteins and associated molecules found in ECM. It is the trade name for gelatinous protein mixture secreted by EngelbrethHolm-Swarm mouse sarcoma cells and consists of several common ECM proteins including laminin, collagen and entactin, as well as various growth factors (Knight and Przyborski 2015) . Gel-partitioned microfluidic systems enable patterning cells within 3D matrices, and tuning their environment through controlled addition/removal of soluble factors. This technique provides controlled spatial distribution of cells within 3D matrices and application of gradients of soluble factors across the Matrigel TM . These properties make this technique a powerful and versatile tool for modeling in vivo cellular microenvironments (Wong et al. 2008) .
Studies indicate that purified components from rosemary such as carnosic acid and its extract display significant growth inhibitory activity on a variety of human cancers, especially human breast cancers (YesilCeliktas et al. 2010; Omri et al. 2012) . For breast cancer, 3D heterotypic cell culture models that are more representative of the different types of primary breast tumors and the metastatic settings are required especially for investigating the structural and stromal microenvironment and drug response (Weigelt et al. 2014) . In vitro disease models as used in microfluidic devices were comprehensively reviewed in the literature (Ghaemmaghami et al. 2012; Kim et al. 2014; Sung and Beebe 2014) . Modelling cancer in 3D systems attracts great attendance due to the lack of well-defined disease models especially to study metastasis and angiogenesis. Breast cancer is often modeled using multicellular tumor spheroids by using extracellular matrix components like Matrigel TM to obtain 3D cellular masses. In addition to this, microfluidic devices were used to detect circulating tumor cells by using several markers especially for early breast cancer detection (He et al. 2009 ).
Within the scope of this study, a breast cancer cell model was developed to investigate the effect of carnosic acid towards estrogen dependent and independent human breast cancer cells (MCF-7 and MDA-MB231) and healthy mammary epithelial cells (MCF-10) along with the invasion and migration of cells determined in 96 well plates as 2D cell culture system, Matrigel TM formed 3D culture system and butterflyshaped microfluidic chips.
Materials and methods

Chemicals and reagents
Carnosic acid (93%) (A7781) was purchased from A.G. Scientific (San Diego, CA, USA). Doxorubicin hydrochloride was purchased from Bedford Laboratories TM (Bedford, OH, USA). MCF-7, MDA-MB-231 and MCF-10A cells were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). The following reagents and chemicals were obtained from the respective suppliers: Roswell Park Memorial Institute 1640 (RPMI 1640) medium, Leibovitz's L-15 medium, Dulbecco's modified Eagle's medium/Nutrient Mixture Ham's F12 (DMEM/F12), fetal bovine serum (FBS), L-glutamine, horse serum, streptomycin, and penicillin (Biochrom, Berlin, Germany); epidermal growth factor (EGF) (E9644), hydrocortisone (H0888) insulin (SI9278), lectin (Phytohemagglutinin PHA-M) (L8902) (Sigma, St. Louis, MO, USA).
Preparation of carnosic acid solution
Carnosic acid (93%) (A7781) was dissolved in methanol to a final concentration of 1 lg/lL and diluted in cell culture medium. Subsequent dilutions were made in appropriate cell culture medium (40 lg/mL; 20 lg/mL; 10 lg/mL; 5 lg/mL; 2.5 lg/mL) to determine the inhibitory concentration (IC) values.
Cell culture
Breast cancer cells, MCF-7 breast cancer adenocarcinoma, estrogen receptor dependent, and MDA-MB 231, breast cancer adenocarcinoma estrogen receptor independent, were used. As a control, MCF-10A, a noncancerous mammary epithelial breast cell line was used. MCF-7 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 IU/mL penicillin, 100 lg/mL streptomycin, and 2 mM Lglutamine; MDA-MB 231 cells were cultured in Leibovitz's L-15 medium; supplemented with 10% FBS, 100 IU/mL penicillin, 100 lg/mL streptomycin, and 2 mM L-glutamine. MCF-10A cells were cultured in DMEM/F12 medium supplemented with horse serum 5%, 20 ng/mL EGF, 0.5 lg/mL hydrocortisone, 10 lg/mL insulin, 100 ng/mL lectin, 100 IU/mL penicillin, 100 lg/mL streptomycin, and 2 mM L-glutamine; MDA-MB 231 cells were cultured in a humidified incubator with atmospheric CO 2 , MCF-7 and MCF-10A cells were cultured in a humidified incubator with 5% CO 2 at 37°C. All cell lines were routinely tested for contamination by mycoplasma on regular basis.
Cells in exponential growth phase of cancer and healthy breast cancer cells were counted by using Trypan blue in microscope (Axio Vert.A1, Carl Zeiss, Oberkochen, Germany). In order to make a comparison 6 9 10 3 cells/well were injected into both the 96 well plate and butterfly-shaped microfluidic chip in respect to the effect of applied drug on the cells. The seeded 96 well plate and microfluidic chip were maintained at 37°C, 5% CO 2 in a fully humidified incubator overnight for proper cell attachment and spreading.
The butterfly-shaped microchip An image of the butterfly-shaped microchip is shown in Fig. 1 . The microchip was fabricated by polymerizing PDMS on silicon prepared with photolithography (UV lithography) techniques. The optically transparent surface and the structure was bonded using UV treatment (Ozdil et al. 2014) . The butterfly microchips used in this study were supplied from Izmir Institute of Technology (Pesen-Okvur 2015). The structure on the optically transparent glass surface of the microchip is polydimethylsiloxane (PDMS). The butterfly-shaped microchip ( Fig. 1) consists of one main channel (a), two test channels (b) separated by gaps. The width of the main channel can be constant at different regions and increases in steps along its length in one direction and in the middle of the test channels (b), two fluid reservoirs (c) each neighboring a test channel (b), two main channel openings (d), four test channel openings (e), and four fluid reservoir openings (f).
The width of the main channel is between 1 and 3.5 mm, whereas the widths of the test channels are 1 and 2.5 mm. The main channel (a), test channels (b) and fluid reservoirs (f) of the microchip consist of openings (d, e, f) that allow for loading of cell culture medium, physiological buffer solution, one or more biological molecule or chemical, cell loaded matrix, cell free matrix or a combination and allow the exit of air or previously loaded material. Fluid reservoirs consist of a single wide fluid reservoir opening which can be as large as the fluid reservoir allowing the fluids to be easily changed.
In order to provide 3D cell culture microenvironment, different matrices such as matrigel, collagen, laminin, agarose, polyacrylamide can be used in the main channel, test channels and fluid reservoirs separated from each other by arrays of gaps. Incorporating existing arrays of gaps instead of continuous walls allow factors in a channel or fluid reservoirs to pass into other channels.
The cell culture assays in butterfly-shaped microchip were carried out in the following order. Firstly, carnosic acid in DMEM cell culture medium was loaded to the main channel. Then healthy mammary epithelial cells embedded in matrigel were loaded into the test channel on one side of the main channel, breast cancer cells embedded in matrigel were loaded in the other test channel. Lastly, culture medium was loaded into the fluid reservoirs.
Dose-dependent cytotoxic activity in 2D culture systems
The cytotoxic activity of carnosic acid on MCF-7 and MDA-MB 231 cell lines were determined by MTT assay in 2D culture systems on 96 well plates. Briefly, cells in exponential growth phase were counted and 6 9 10 3 cells/well were cultured in 96 well plates overnight. After that, carnosic acid at different concentrations from 40 to 2.5 lg/mL was added for 24 and 48 h. To determine the effect of methanol on cells, 0.1% methanol was used and, in addition, as a positive control for the inhibition of cells doxorubicin (Adriamycin; Bedford Laboratories), a chemotherapy reagent, was used. Weber et al. (2013) investigated interaction of the chemotherapeutic drug doxorubicin Cytotechnology (2017) 69:337-347 339 in MCF-7 human breast cancer cells and a 2 lM (12 lg/mL) doxorubicin was used as a control for cell inhibition studies. So, doxorubicin was used at 2 lM dose for all cell lines in order to compare cytotoxicity of carnosic acid. Cell proliferation after 48 h was determined by MTT assay. Briefly, the cell culture medium was removed and 0.5 mg/mL MTT solution was added to each well which was diluted in fresh cell culture medium and incubated 4 h at 37°C, 5% CO 2 in a humidified cell culture incubator. After that, the medium was removed and DMSO was added to dissolve blue formazan crystals and the quantities of blue formazan product was determined by a microplate reader at 570-690 nm (SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA). For the cells, strong correlations between numbers of cells present and amounts of MTT formazan product were observed. The data were obtained from three independent assays, using three wells for each assay. Cytotoxicity was determined according to percent cell viability. Percentage survival was determined as per the formula (absorbance of drug-treated cells/ absorbance of control cells) 9100 and compared with control, untreated cells regarded as 100%.
Three dimensional (3D) culture systems in microchips and drug administration
The operation of the butterfly-shaped microfluidic chip for drug-induced apoptosis and anti-proliferation included cell seeding, cell culture, drug stimulation, cell cytotoxicity assay and microscopic examination. Prior to cell culture, the channels of the microfluidic chips were sequentially washed with 70% ethanol and ultrapure water and then baked at 80°C overnight to restore hydrophobicity for preventing the hydrogel leakage from the PDMS microfluidic device (Ozdil et al. 2014) . Combinations of estrogen dependent breast cancer cell line (MCF-7) and healthy mammary epithelial cells (MCF-10A) and estrogen independent breast cancer cell line (MDA-MB 231) and healthy mammary epithelial cells (MCF-10A) were cultured in either channel of butterfly shaped microchips for carnosic acid and doxorubicin administrations. In order to mimic 3D culture, Matrigel TM (BD Biosciences, San Jose, CA, USA) was used which in turn created some challenges as it is a biological product indicating that it may vary between lots and optimization was required for 3D staining as well as extracting cells from 3D matrices (Lee et al. 2007 ). There are several techniques to get to a 3D culture system. In this study, cells in exponential growth phase were counted and after mixing with Matrigel TM at a ratio of 1:1 (v:v), 10 3 cells/microreactor channel were cultured in both right and left butterfly-shaped microchannels (Fig. 1) . Then, carnosic acid (93%) (A7781) and doxorubicin were added to the central channel of the microchips in order to investigate the effect on breast cancer and healthy epithelial cells. Subsequently, four microchips were placed in a fully humidified incubator at 37°C, 5% CO 2 and 95% room air. After 24 and 48 h incubation periods, all cells were visualized by microscopy in order to observe cell membranes and migration of cells towards applied drug.
Cell count in butterfly-shaped microchip After carnosic acid and doxorubicin administration in butterfly-shaped microchips, cell count and calculation of microscopic image area were carried out by using ImageJ program in order to investigate the effect of administered drugs towards breast cancer and healthy mammary epithelial cells. ImageJ is an open source image processing program for multidimensional image data with a focus on scientific imaging, where cells that have healthy membrane structures were counted. The area of microscope image was calculated with straight line tool in ImageJ program.
Statistics
Statistical analysis was performed with Prism 5.0 (Graphpad, San Diego, CA, USA). An unpaired Student's t test was used to determine the significance of the results comparing the experimental groups, p values \0.05 were considered statistically significant. Data are presented as mean values ±SEM (standard error of the mean).
Results and discussion
Inhibitory effects of carnosic acid in 2D and 3D cell culture systems Considering chemotherapy reagent doxorubicin, the effect of carnosic acid on cell viability of estrogen dependent and independent human breast cancer cells (MCF-7 and MDA-MB231) and healthy mammary epithelial cells (MCF-10A) was assessed by MTT assay. Principally dose-dependent cytotoxicity assay was carried out in 2D cell culture systems on 96 well plates. In order to determine IC 50 values, MCF-7 and MDA-MB-231 cancer cell lines were treated with doses ranging between 2.5 and 40 lg/mL for 48 h of treatments (Fig. 2) . Based on the results, IC 50 values of carnosic acid were 8.5 and 14.02 lg/mL for MDA-MB 231 and MCF-7 cell lines, respectively, which indicates the selectivity of carnosic acid for estrogen independent breast cancer cells. Since we have not anticipated drug dose that is required for inhibition of cells in 3D cell culture systems in matrigel doped butterfly-shaped microchips, we have decided to apply a 30-40% higher dose in 3D cell culture system in compliance with the determined IC 50 values in 2D cell culture system due to the fact that 3D cell culture environment would favor tumor progression and therefore cancer cells would become more resistant to drug molecules. Consequently, the concentrations of carnosic acid were used as 15 lg/mL (45 lM) and 20 lg/mL (60 lM) in microchips for MDA-MB 231 and MCF-7, MCF-10A cell lines, respectively.
Cell viability values of breast cancer and healthy mammary cell lines are depicted in Fig. 3 for carnosic acid and doxorubicin administrations in 2D, 3D and microfluidic cell cultures. Furthermore, all cell groups cultured in 2D, 3D and butterfly-shaped microchip with Matrigel were observed using an inverted phasecontrast microscope and representative micrographs showing cell morphologies in each group with cell viability results determined by MTT assay and cell count in butterfly-shaped microchip are presented in Figs. 4, 5, 6. Images were taken in order to compare control groups (Fig. 4a-c) with those of drug administered groups. After treating the cells with chemotherapeutic agent doxorubicin in 2D culture system, MCF-7 and MCF-10A cells showed similar behavior as their sizes diminished and displayed an aggregate like phenotype with cell viabilities of 18.56 and 15.31%, respectively (Fig. 4d, f) , however the viability of MDA-MB 231 cells treated with doxorubicin was 35.49% in 2D culture systems (Fig. 4e) . On the other hand, after treating the cells with carnosic acid, cell viabilities were 28.33, 35.06 and 10.73% for MDA-MB 231, MCF-7 and MCF-10A, respectively in 2D culture systems (Fig. 4g-i) . Likewise, after doxorubicin treatment in 3D culture system, similar trends were observed in 2D culture systems as apoptotic cell death was started in MCF-7 and MCF-10A cells with cell viabilities of 19.06 and 20.80%, respectively (Fig. 5d, f) , whereas the viability of MDA-MB 231 cells was 37.50% in 3D culture systems (Fig. 5e ). Similar observations were reported for cisplatin induced cytotoxicity for 2D and 3D cultured MCF-7 cells (Ravi et al. 2016) . As for matrigel doped butterfly-shaped microchip, the cell viabilities were 41.41, 36.28 and 22.40% after treating the MDA-MB 231, MCF-7 and MCF-10A cells with doxorubicin, whereas cell viabilities were 31.47, 40.76 and 14.94%, respectively, after carnosic acid treatment. Generally the cell viabilities were higher in microchips compared to 2D and 3D cell culture systems due to the resistance generated by the cells against the applied drug molecule.
Overall, the results indicated that all the cells exhibited higher viabilities after doxorubicin and carnosic acid treatments in 3D culture system compared to the 2D system, indicating the importance of mimicry in a physiologically relevant matrix. Indeed, cell attachment occurs on one side of the cell in 2D cell culture systems, whereas cell attachment can be observed around the entire surface of the cell in 3D cell culture systems (Baker and Chen 2012) . For all cell lines, carnosic acid and doxorubicin treatments in Fig. 2 Dose-dependent cytotoxic activity of carnosic acid on estrogen dependent (MCF-7) and independent breast cancer (MDA-MB 231). Each cell type was incubated with carnosic acid for 48 h at 37°C, and subjected to MTT assays to measure % cell viability. The data were obtained from three independent assays using three wells for each assay Fig. 3 Cell viability values of breast cancer and healthy breast cell lines for carnosic acid and doxorubicin administrations in 2D, 3D and microfluidic cell cultures. Significant differences between 2D cell culture groups and the experimental groups are represented in the graph as two asterisks, p \ 0.01; four asterisks, p \ 0.0001 2D versus 3D and butterfly shaped microchips significantly lowered the cell viabilities except for MCF-7 cells where no significant difference was observed for doxorubicin treatments between 2D and 3D culture systems (p [ 0.05) and also no difference for carnosic acid treatments between 3D culture system and microchip (p [ 0.05). Furthermore, cell viabilities after doxorubicin treatment in butterfly shaped microchips were significantly higher than in 2D culture systems for MDA-MB 231, MCF-7 (p \ 0.0001) and MCF-10A (p \ 0.05) (Fig. 3) . The principle differences in the microenvironment of 2D and 3D cell culture systems affected a variety of cellular behaviors such as cell morphology, polarity, gene and protein expression, along with attachment, viability, proliferation, migration, differentiation, response to stimuli, cellular metabolism and overall function (Antoni et al. 2015; Hickman et al. 2014) . Controlling large number of cells and real time observations are more convenient in 2D cell culture systems, whereas 3D culture conditions can better mimic the real cellular environment. The development of cell patterning, 2D and 3D cell culture systems, gradient generation, integration and automation continue to advance, but the generation of microenvironments representing the complex and diverse range of conditions encountered in living systems remains as a challenge that requires extensive further research (Tehranirokh et al. 2013 ).
Morphologies of cells in butterfly shaped microchips
Microfluidic chips have ease of integration into a single device and the potential for parallel processing makes it ideal for drug discovery (Yesil-Celiktas 2014) . In regards to elicite potential candidates for cancer treatment, these platforms provide valuable information from cancer cells in response to various drugs with minimal sample amounts and less time. There are a variety of microfluidic chip designs used for developing 3D breast cancer models and in one of these research studies, Saadi et al. (2006) parallel-gradient microfluidic chemotaxis chamber that can generate soluble gradients of epidermal growth factor side by side in order to examine the migration of human metastatic breast cancer cell line MDA-MB-231 in various conditions. Komen et al. (2008) developed two microfluidic devices made of PDMS to determine the chemosensitiviy of estrogen dependent MCF-7 cells in response to drug staurosporine. Another microfluidic device was developed by Song et al. (2010) consisting of flow channels and eight circular PDMS chambers for evaluation of apoptosis and proliferation of MCF-7 breast cancer cells treated with mitomycin C and tamoxifen. In another study, Hwang et al. (2013) In our study, we have utilized a butterfly-shaped microchip consisting of a central channel in which carnosic acid was fed, two channels at both sides of the central channel for feeding cells with matrigel and two reservoirs at both sides of the cell channels in which nutrient medium was fed in order to investigate the cytotoxic effect of carnosic acid and doxorubicin towards MDA-MB 231 and MCF-7 and healthy mammary epithelial cell line, MCF-10A. The possible chemoattractant properties of carnosic acid and doxorubicin were of interest as well, where a chemical concentration gradient was generated by addition of these compounds. Breast cancer cells and healthy mammary epithelial cells migrated towards the central chamber in the presence of carnosic acid (Fig. 6g-i) , whereas they moved away from the central chamber in the presence of doxorubicin (Fig. 6d-f) . The butterfly-shaped microchip consists of one main channel (a), two test channels (b) separated by gaps (Fig. 1) . There are two channels at both sides of the central channel for feeding cells with matrigel and two reservoirs at both sides of the cell channels in which nutrient medium was fed. We had observed that more cells got near to the gaps of main central channel in the presence of carnosic acid during microscopic examination. Contrary to these, in the presence of doxorubicin in the central chamber, cancer and healthy cells come into existence in the middle of the test channels that cell lines fed with matrigel or away from the gaps of main central channel. As a consequence, these results demonstrate that carnosic acid has a chemotactic ability within the generated concentration gradient fields. The concentration gradient of biomolecules results in responses such as directed cell migration, which is a key biological process involved in a wide range of physiological and pathological phenomena (Kunze et al. 2014) and particularly migration towards a soluble chemoattractant is usually defined as chemotaxis which can have a significant impact on developmental and regenerative processes (MorenoArotzena et al. 2014 ). Apart from reporting chemotactic ability of carnosic acid, another significant issue was the differences observed in responses from the microchips based on the chemical structure and complexity of the molecules of interest. Carnosic acid has a typical odiphenol and is easily oxidized (Masuda et al. 2001) . While carnosic acid (C 20 H 28 O 4 ) consists of natural benzenediol abietane diterpene, doxorubicin (C 27 H 29 NO 11 ) has a tetracyclic ring with the sugar daunosamine attached by a glycosidic linkage. According to the chemical structures, doxorubicin is more complex and has a higher molecular weight in comparison to carnosic acid. In this regard, it was hypothesized that the molecule with a simpler chemical structure and lower molecular weight diffuses more easily to the cells, exhibiting a significant influence and a higher inhibition capability both in 3D culture system and the microchip. Indeed, cytotoxicities of carnosic acid were similar in 3D culture system and microchip considering three of the cell lines. However, the responses of these three cell lines in microchips were different in the presence of doxorubicin supporting our hypothesis where contribution of diffusion phenomena is more realistically mimicked in the microfluidic systems when dealing with high molecular weight and complex structured compounds.
Conclusion
The studies in recent years demonstrated that traditional 2D cell culture systems may provide inaccurate data regarding the predicted response of cancer cells to chemotherapeutics and not mimic the 3D cell microenvironments. Therefore, there is a considerable interest in developing 3D in vitro microfluidic cell culture platforms to provide biomimetic microenvironments by including hydrogels and generating chemical gradients that direct cellular processes such as cell migration. This research study focused on the investigation of the cytotoxic effect of carnosic acid and doxorubicin on breast cancer and healthy mammary epithelial cells using microfluidic chips along with 2D and 3D cell culture systems. Overall, carnosic acid exhibited a higher cytotoxicity towards estrogen independent breast cancer cell line MDA-MB 231, while doxorubicin was more effective against estrogen dependent counterpart, MCF-7. According to the developed mimetic model, the cell viabilities were higher in comparison to 2D and 3D cell culture systems but the responses of the investigated molecules were different in the microchips based on the molecular weight and structural complexity. Application of such mimetic models will contribute to advancing basic research and increasing the predictive accuracy of potential drug molecules which may accelerate the translation of novel therapeutics to the clinic, possibly decreasing the use of animal models.
